Whole blood was collected from donor animals and drained by gravity through ion exchange resin units,* one unit being employed for each liter of blood. The resin was initially charged in the sodium phase and served to reduce the total calcium concentration of the donor blood to less than 0.3 mEq/ liter. Since preliminary experiments indicated that even this calcium concentration was sufficient to maintain some mechanical activity, 6 mg/ liter disodium
• Although many previous studies have focused attention on the hemodynamic and pharmacological determinants of myocardial O2 consumption (MVO2), the O2 requirements of electrical activation of the heart have not been defined. Two major problems arise in attempting to quantify the energy cost of this process. 1) Since the amount of O2 required probably constitutes only a small fraction of the total MVO2, experimental techniques for measuring MVO 2 must be extremely sensitive and capable of quantifying a relatively small change of O 2 uptake superimposed upon a much larger basal O 2 uptake. 2) Changes of MVO2 caused by alterations of myocardial electrical activity must be distinguished from changes of MVO 2 caused by associated variations of contractile activity.
A possible solution to the first of these problems is offered by the use of an O 2 electrode to measure small changes of MVO 2 continuously in an isolated heart. 1 A possible solution to the second problem was actually provided more than half a century ago by the observation of Mines, 2 that a heart's mechanical activity can be abolished while its electrical activity is preserved by perfusion with a solution free of calcium. This "electro-mechanical dissociation" has subsequently been studied by many workers (e.g., 3 -6 ), sometimes using calcium-chelating agents in place of a calcium-free perfusate. In some cases, a minute fraction of the heart's mechanical activity was not eliminated and it is apparent, as Mines clearly implied, 2 that such small amounts of contractile activity must not be overlooked.
The present study was intended to define the O2 requirements of myocardial depolarization and repolarization in a more precise manner than heretofore possible, and utilized an isolated canine heart preparation. The basic plans were: 1) to produce electromechanical dissociation by perfusing the heart with whole blood from which calcium had been removed with an exchange resin and to which the disodium salt of ethylenediaminetetraacetic acid (EDTA) had been added; 2) to suppress spontaneous depolarizations by elevating the plasma K concentration slightly, and then to induce propagated depolarizations at controlled frequencies by stimulating the heart electrically; and 3) to measure changes of MVO2 associated with increases of the frequency of depolarization by determining changes of venous O 2 content from a continuous recording of venous Po<> while arterial O2 content and coronary blood flow were held constant. The findings indicate that the amount of O2 required for electrical activity of the heart is less than 1% of the total O 2 consumption of the normally working heart. polarization low, 4.5 mEq KC1 was also added to each liter of resin-treated blood. The resin treatment had removed K from the donor plasma and this addition of KC1 produced a final plasma concentration of 7.5 ±0.4 (SEM) mEq/liter. The final plasma Na concentration was 154 ± 1.6 mEq/liter.
The pretreated blood was used to perfuse each of 13 hearts which had been isolated from mongrel dogs, weighing between 19.1 and 27.7 kg, and anesthetized with sodium pentobarbital, 30 mg/kg. The preparation is shown in figure 1 , and is similar to one employed previously." All major vessels entering and leaving the heart were ligated and an occlusive pump* was used to perfuse the coronary arteries at a constant rate of flow through the ascending aorta. The pump was supplied with the pretreated blood from a small bubble oxygenator,t in which the blood was equilibrated with a 97% O 2 and 3% CO 2 gas mixture. Coronary venous blood returned to the oxygenator through a cannula in the right heart and a gravimetric flowmeter. A drainage tap in the coronary venous line allowed blood to be diverted from the oxygenator during the first few minutes of the isolated perfusion, thereby obviating any mixing of the animal's normocalcemic blood with the pretreated blood in the oxygenator. A small cannula, not shown in figure 1, vented the left ventricle to the oxygenator and ensured that ventricular volume did not change during an experiment, even though there was never measurable aortic regurgitation. Right ventricular temperature was monitored with a thermistor probe inserted into the right ventricle through the right atrial appendage, and averaged 36.2°C (range 35.3 to 37.5°C).
The pH and P COo of the arterialized blood leaving the oxygenator averaged 7.36 (range 7.27 to 7.41) and 30 mm Hg (range 27 to 35 mm Hg) respectively. Hematocrits average 37% (range 33 to 44%).
An O 2 macroelectrodet inserted into the coronary venous line near the right atrium was used with an appropriate electrical circuiti so that the P 0 o of coronary venous blood could be recorded continuously. The O 2 electrode was calibrated as described previously, 8 at a temperature within 1°C of that in the venous line. The latter was monitored with a thermistor probe and varied by no more than 0.2°C during any experimental period. equipped with an automatic stirring device," and values for P 0 , t obtained with the electrode in the venous line agreed well with values obtained when the same blood was withdrawn from the venous line and analyzed in the cuvette. High sensitivity strain gauge arches were sutured to both ventricles and used to verify the absence of contractile activity. The arches were calibrated at the completion of each experiment by excising the muscle segments to which they were sutured and by suspending known weights from the feet of the arches while they were still attached to the muscle segments. A conventional Walton-Brodie strain gauge arch 10 was employed for the left ventricle and its signal was recorded at the maximum sensitivity available with a carrier preamplifier;* this system allowed changes of tension in the left ventricular segment of less than 5 g to be detected. A specially designed 11 •Model 1100B, Sanborn Company, Waltham, Massachusetts.
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strain gauge arch,* approximately ten times more sensitive, was used for the right ventricle; the accompanying carrier preamplifier and recording system were similar to those used with the Walton-Brodie strain gauge arch and permitted detecting changes of tension in the right ventricular segment of less than 0.5 g. The choice of the right ventricle for the more sensitive strain gauge arch was based on preliminary experiments in which it was noted that visible contractions usually persisted longer in the right ventricle than in the left ventricle when the perfusion with hypocalcemic blood was begun.
A clip electrode was attached to the right ventricle near the inferior portion of the A-V groove and was used with a laboratory stimulator,t a stimulus isolation unit, and an indifferent electrode to increase the frequency of myocardial depolarization as desired. Stimuli were applied for 3 to 5 millisecond periods at currents slightly above threshold (0.5 to 6.0 ma). Ten of the 13 hearts were studied with repetitive single stimuli applied in the conventional fashion; the remaining three hearts were subjected to paired electrical stimulation. 12 A second clip electrode was attached to the right ventricular epicardium and superficial myocardium just below the pulmonary valve and was used to record myocardial electrical activity. In a few experiments, the second electrode was intermittently transferred to the left ventricle to verify that the induced depolarizations were propagated throughout the ventricular myocardium. In one animal, electrical activity was recorded with both the superficial clip electrode and a catheter electrode inserted into the right ventricular cavity. Two direct-writing oscillographs were used to record propagated depolarizations, strain gauge arch activities, and coronary venous P o^ simultaneously at slow and rapid paper speeds.
In order to translate coronary venous P o . ( into coronary venous O 2 contents, a blood oxygen dissociation curve was constructed for each experiment. 13 In view of the previously demonstrated constancy of arterial P o ., in this preparation, 1 arterial Oo content is known to have been constant within 0.01 to 0.03 ml/100 ml for the 10 teriovenous O 2 difference. The gravimetric flowmeter recordings indicated the absolute magnitude of the coronary blood flow and provided a continuous check on its constancy. Detection of extremely small changes of MV0 o were facilitated by initially adjusting coronary flow so that the coronary venous P Oa was above 70 mm Hg (i.e., on the "flat" portion of the oxygen dissociation curve). Stimulation was maintained for a minimum of five minutes at any particular frequency, to ensure that the Po,, in the blood passing the electrode reflected the new steady state accurately.
Results
A total of 38 satisfactory experiments were achieved in the 13 hearts (table 1) . Coronary blood flow ranged from 48 to 90 ml/min, averaged 72 ml/min, and was constant for all experiments in any given heart. Coronary venous Po 2 values, prior to stimulation, were between 71 and 159 mm Hg; the average value for all 13 hearts was 120 mm Hg. The MVO 2 prior to stimulation ranged from 0.49 to 1.08 ml/100 g/min, averaged 0.78 ml/100 g/min, and returned to control levels when stimulation was discontinued (figs. 2 and 3) and when multiple stimulations were carried out in the same hearts. In ten of the 13 hearts, spontaneous depolarization was absent; in the other three hearts, the spontaneous frequency of depolarization was no higher than 72/min. The stepwise increments of the frequency of depolarization induced by electrical stimulation ranged from 74 to 250 depolarizations/min; in eight of the 13 hearts the frequency of depolarization was increased more than once.
In each of the 31 experiments in the ten hearts studied with conventional stimulation (table 1: 1 to 10), the increase of the frequency of myocardial depolarization was accompanied by a small but definite increase of MVO 2 . Recordings from representative experiments are shown in figures 2 and 3. The average increase of MVO 2 ranged from 0.22 to 0.62 /iliter/activation/100 g; the mean of these averages was 0.40 ±0.04 (SEM) /xliter/activation/100 g (table 1). In no experiment did either visual observation of the heart or the strain gauge arch recordings suggest that the electrical activation induced any contractile activity. In the hearts in which the frequency of depolarization was increased more than once, increased increments of MVO2 paralleled increased increments of the frequency of depolarization, and the increment of "Hearts studied with paired electrical stimulation rather than single stimulation. Each pair of stimuli produced two propagated depolarizations, e.g., in heart 11, stimulation was at a frequency of 62 pairs per min. 
FIGURE 2
Recording at slow paper speed from a representative experiment in a heart studied with single stimulation (dog no. per activation was reasonably constant. Thus, the On required for a single activation did not appear to change over the relatively wide range of frequencies examined, i.e., 0 to 250/min. Increases of the frequency of depolarization were also associated with small increases of MVO; in each of the seven trials in the three hearts studied with paired electrical stimulation (table 1: 11 to 13). Considering each pair of depolarizations as having resulted in two activations, these increases averaged 0.18, 0.44, and 0.52 ^liter/activation/100 g. The mean of these averages was 0.38 ^iliter/activation/100 g. Electrical stimulation at currents which produced a recordable stimulus In four of the 13 hearts, satisfactory recordings of coronary venous P o ., were obtained when ventricular fibrillation occurred as the intensity of electrical stimulation was being adjusted. The increases of MVO-.. resulting from the change from no electrical activation to ventricular fibrillation were 45, 60, 71, and 113 /xliters/min/100 g. When the fibrillation was terminated with electrical countershock,* MV0 2 consistently exhibited a further increment for several minutes. These increments *D-72 Defibrillator, Electrodyne Company, Norwood, Massachusetts. Recording at rapid paper speed from a representative experiment in a heart studied with single stimulation (dog no. 10, had maximum values which ranged from 41 to 533 /tliters/min/100 g, and averaged 181 /iliters/min/lOOg.
Discussion
In the present study, increases of the frequency of electrical activation of an isolated canine heart were consistently accompanied by increases of MVO*, which averaged 0.40 filiter/activation/100 g. The experimental design was intended to ensure, as far as possible, that the measured increments of MVO 2 accurately represented the O2 utilized in the heart's electrical activity. Possible changes of MVO2 related to alterations of coronary flow 14 were obviated by maintaining coronary flow constant. Although alterations of myocardial action potentials and the electrocardiogram do occur with hypocalcemia, 15 the recordings ob-tained with the epicardial and endocardia] electrodes ( fig. 3 ) did not suggest that the observed increments of MVO^ were misleading because of grossly abnormal patterns of depolarization. Since the induced depolarizations were propagated over both ventricles, it also seems unlikely that the total On requirements were underestimated unless, of course, more O 2 is somehow needed for the heart's electrical activation when it is contracting than when it is not. Of greater concern is the possibility that some portion of the measured increments of MVO2 was due to minute increases of myocardial contractile activity induced by the electrical activity. The necessity for searching carefully for such activity has already been emphasized. That it was not present is suggested by the high-sensitivity strain gauge arch recordings and the visual CircmUliom Research, Vol. XVIII, April 1966 observations in all 13 hearts, and the additional observation in two hearts that the increase of MVOo produced by a given frequency of stimulation did not diminish as additional disodium EDTA was added to the perfusing blood. However, since even these techniques could conceivably have failed to detect minute amounts of localized or abortive contractile activity, the possibility remains that the O2 requirements for the heart's electrical activation are slightly less than the present results indicate.
It is of interest to consider the order of magnitude of the present findings in relation to a previous investigation in isolated rabbit hearts by Kohn. 16 In that study hearts were perfused with a calcium-free Chenoweth's solution, inflow and outflow O2 contents were measured with Van Slyke techniques, and no statistically significant difference of total MVO2 was found between nine hearts in which electrical activity was maintained and four hearts in which electrical activity had been abolished by KC1 infusion. It was concluded that if membrane electrical activity did require O2, the quantity was undetectable with the methods employed. This conclusion is consistent with the findings of the present investigation, in which the absolute increases of MVOo which were observed were significantly smaller than the variations of total MVOo within each of Kohn's two groups of hearts.
The order of magnitude of the present findings is also of interest in relation to studies of monovalent cation transport. The observed increment of MVO2 per activation, 0.40 /diter/100 g, can be expressed as 0.075 X 10-°/ /.mole O2 per cm 2 cell membrane surface area, if it assumed that the myocardial cells comprise 60% by weight of the total heart, 17 and have the geometric form of cylinders 10 //, in diameter 18 and a specific gravity of 1.0. Extrapolating from studies in noncardiac tissues, 19 each fimo\e of O 2 would be expected to provide energy for the active transport of 4 to 24 //.moles of monovalent cations and, if the O2 utilized for electrical activation served solely to provide energy for transmembrane cation transport during repolarization, the ob-Circulation Research, Vol. XVIII, April 1966 served O 2 increment per activation, 0.075 X 10"° //mole per cm 2 , would correspond to the active transport of between 0.3 X 10"° and 1.8 X 10"° //.mole of cation per cm 2 membrane surface area. Although the assumptions involved in these calculations are certainly gross ones, these figures approach those obtained experimentally in cephalopod axons in determinations of the net quantity of Na and K crossing each cm 2 of membrane with an electrical activation (3-4 X 10"° /xmole).-°T he hearts subjected to paired electrical stimulation were studied to determine whether the altered rhythm and frequency of depolarization inherent in this intervention could play a role in the marked increases of MVOo which they are known to produce in the intact heart. 21 That this is not the case is indicated by the finding that the average increase of MVOo in the hearts studied with paired electrical stimulation (0.38 //.liter/activation/100 g) corresponded well to the average figure observed in the hearts stimulated in the conventional fashion (0.40 //.liter/activation/100 g). The fact that the absolute increases of MV0 2 were so small in the conventionally stimulated hearts would, by itself, have also suggested this conclusion.
The average increase of MVO2 of 72 //.liters/min/100 g during ventricular fibrillation represents approximately 2% of the total Oo utilization of the empty fibrillating dog heart. 22 This figure is of the same order of magnitude as would be expected for a heart being depolarized in the usual fashion at a rate of approximately 200 per minute. The further increases of MVOo which occurred when the episodes of fibrillation were terminated with electrical countershock were presumably related to the electrical effects of the countershock.
In conclusion, the observed average increment of MVOo of 0.40 /iliter/activation/100 g seems to define at least the order of magnitude of the Oo requirements for electrical activation of the heart. Since this figure represents less than 1% of total myocardial O 2 consumption per beat in the resting unanesthetized dog, 23 it appears that the O 2 required for electrical activation constitutes less than 1% of the total
Summary
The present study was undertaken to define the Oo requirements of electrical activation of the heart. Thirteen isolated canine hearts were perfused with whole blood from which calcium had been removed with an exchange resin and to which the disodium salt of ethylenediaminetetraacetic acid had been added. Spontaneous depolarizations were suppressed by raising the plasma potassium to an average concentration of 7.5 mEq/liter, and the right ventricle was stimulated electrically at controlled frequencies. Although the stimuli produced propagated depolarizations, neither high-sensitivity strain gauge arches sutured to both ventricles, nor careful visual observation, showed any evidence of associated contractile activity. Ten of the hearts were studied with repetitive single stimuli applied in the conventional fashion, while the remaining three hearts were subjected to paired electrical stimulation. Changes of myocardial CK consumption (MVOL>) were measured at a constant coronary blood flow and arterial O 2 content by determining changes of venous Oĉ ontent from a continuous recording of venous Po.,. Increases of the frequency of depolarization were uniformly accompanied by small increases of MVO*, averaging 0.40 ±0.04 (SEM) ju,liter/activation/100 g. The increases were of the same order of magnitude in the hearts subjected to paired electrical stimulation as in the hearts studied with single stimulation, suggesting that the altered frequency and rhythm of depolarization in paired electrical stimulation cannot account for the marked increase of MVO^ which this intervention produces in the intact heart. It is concluded that the amount of OL-required for electrical activation of the heart is less than 1% of the total O2 consumption of the normally working heart.
